Invasive ambrosia beetles are among the most economically important pests of forest and plantation trees worldwide. The development of effective management guidelines for these pests in plantations of high-value hardwood species is hindered by a lack of baseline information regarding their seasonal abundance and dispersal behavior. By analyzing long-term monitoring data from intensively-managed plantations of eastern black walnut (Juglans nigra L.) in north-central Indiana, we identified key spatial and climatic variables that could improve the timing and precision of management actions to reduce ambrosia beetle populations. We also used geospatial analyses to compare species-specific spatial patterns of population density and evaluate the sensitivity of the trap density deployed in our long-term monitoring efforts. Xyleborinus saxesenii Ratzeburg and Xylosandrus crassiusculus Matschulsky (Coleoptera: Curculionidae) were more abundant during the spring in years preceded by a hot, dry growing season, and cold winter. Both species were positively associated with plantation edges during the fall flight period. However, X. saxesenii was less abundant in plantations close to forest corridors, whereas X. crassiusculus was more abundant in plantations closer to woodlots and other walnut plantations. Geospatial analysis revealed X. crassiusculus is active in larger, more spatially continuous patches than X. saxesenii, and that 200-m trap spacing is likely to be sufficient to detect both species in the spring flight period but may be insufficient to detect X. saxesenii during the fall flight period. Our findings underscore the power and utility of long-term monitoring to improve management strategies.
females and silvicultural methods to increase tree vigor (Mizell and Riddle 2004, Frank and Sadof 2011) . Silvicultural management of ambrosia beetles in hardwood plantations mainly consists of pruning dead branches and removing moribund or dead trees. Pruning is labor-intensive and time-sensitive, as it must be synchronized with the lifecycle of the pest to effectively remove overwintering progeny and reduce damage in the following growing season. Ambrosia beetles are generally managed by spraying pyrethroid insecticides on the stem and branches just prior to the spring flight period to protect trees from colonizing females (Ranger et al. 2016) .
Integrated pest management reduces the cost and ecological impact of synthetic insecticides by integrating multiple control tactics (e.g., chemical, cultural, biological) to reduce pest populations (Flint and van den Bosch 1981, Vandermeer 1995) . Monitoring pest abundance and understanding spatial and temporal patterns of pest activity facilitate timely and effective management actions for ambrosia beetles in plantations. Lindgren multiple funnel traps baited with ethanol are effective tools to monitor population levels of ambrosia beetles (Miller et al. 2018) . Beyond facilitating detection of incipient pest populations in the short term, we tested the hypothesis that long-term monitoring data can be used as a resource to identify reliable climatic and spatial predictors of pest outbreaks. For cryptic forest pests such as ambrosia beetles, generalizable or site-specific information on climatic and spatial predictors of outbreaks could direct the application and timing of silvicultural and insecticide treatments to manage pest populations.
In this study, we analyzed data generated through a long-term monitoring effort in intensively managed black walnut plantations in Indiana to test hypotheses about the response of insect communities and individual ambrosia beetle species to spatial and climatic variables. Because insect communities are diverse and species can have a wide range of dispersal strategies and niches, we predicted that variation in community composition could be accounted for by both spatial and climatic factors.
Specifically, we reasoned that populations of Xyleborinus saxesenii Ratzeburg and Xylosandrus crassiusculus Matschulsky, the most abundant ambrosia beetle species attacking J. nigra in Indiana (Reed et al. 2013) , would be correlated to spatial and climatic variables. Both species have wide host ranges (CAB International 2019a,b) and exploit stressed hosts (Ranger et al. 2018a) . We predicted populations a) would be higher in years following extreme weather that might increase levels of stress in potential hosts and b) would vary in response to proximity to spatial features including plantation edges, forest corridors, and other components of the landscape. Trees along the edges of plantations in this study are bordered by unmanaged windbreaks of other species and are more exposed to additional stressors (e.g., drought, wind exposure, species invasions, and herbicide drift; Saunders et al. 1991, Freemark and Boutin 1995) .
To optimize monitoring tools for ambrosia beetles in walnut plantations and provide baseline knowledge of their spatial flight distributions within individual plantations, we investigated overall landscape patterns of ambrosia beetle abundance using geospatial analyses. We sought to determine the extent to which geospatial trends in ambrosia beetle densities were detectable from our data. Specifically, we sought to quantify and compare the average size of spatial patches of activity between beetle species and flight periods. If continuous patches of ambrosia beetle activity could not be resolved for a species or flight period at the trap density deployed in our monitoring effort, this would indicate pests could potentially escape detection.
Methods

Study Site and Data Collection
Long-term monitoring for bark and ambrosia beetles was conducted as part of a management plan for plantations of grafted and open-pollinated J. nigra owned and operated by Arbor America, Inc., in Tippecanoe, Co., Indiana. The study was conducted using data collected over 6 yr in six plantations (Table 1) . The surrounding landscape is primarily agricultural with some residential areas and isolated small woodlots. The Wabash River and its associated forest corridor lies to the north and west of the study area. South River planting borders the Highland planting, so they were considered a single plantation (HIG) in our analysis.
Across all six plantations, a total of 80 Lindgren four-funnel traps baited with laboratory-grade ethanol lures were hung from conduit or PVC poles at a height of 1 m. Traps were serviced at a 1to 2-wk interval and collection cups were filled with RV and Marine Antifreeze (Fox Packaging Inc., St. Paul, MN). Only 67 of these traps were serviced consistently across collection dates and only data from those were used in the analysis. Of the traps from which data were included in the analysis, between 6 and 12 traps were placed in each plantation at a spacing that ranged from ~100 to 200 m. During each collection period, all beetles were counted and identified to family, genus or species level using a stereomicroscope. All counting and identification of insects was performed in the Forest Entomology Lab at Purdue University using available resources (Wood 1982) . Over the course of the multiyear study, we also assembled and curated a reference collection of the insects collected in the traps, which was provided to Arbor America, Inc.
Data Processing and A Priori Variable Selection
Bark and ambrosia beetles primarily disperse in the spring but often have additional flight periods in mid-to-late summer and/or early fall (Gandhi et al. 2010) . Accordingly, the dataset was partitioned into two flight periods with some overlap after peak emergence in early spring. For data analysis, trap counts between May 20 and July 15 in the years 2013, 2015, 2016, 2017, and 2018 were treated as the spring flight period; and between June 4 and October 1 in 2014, 2015, and 2016 were treated as the fall flight period. The total number of insects captured in each trap were summed across collection dates within the selected timeframe (i.e., spring and fall) within each year. For each timeframe we included only years for which data covered the entire fight period.
Climatic variables were selected based on factors that influence reproduction and development of ambrosia beetles. Specifically, precipitation and temperature are important drivers of physiological stress and plant productivity and influence host location behavior and performance of ambrosia beetles (Ranger et al. 2014 (Ranger et al. , 2018 . Because larvae complete development by the end of the growing season and overwinter in the tree until the spring (Wood 1982) , we selected temperature and precipitation from the immediately preceding growing season, winter, and spring as independent climatic variables for each year in our study ( Table 2) . Spring weather variables were included to account for environmental conditions that we hypothesized influenced the development of beetles that fly later in the season. We also included last frost date, because walnut trees are sensitive to late frosts (Williams 1990) . Freeze stress increases host suitability to ambrosia beetles but could also be detrimental to active adults (Ranger et al. 2018) . Weather data used to calculate climatic variables were compiled from the nearest available NOAA weather station, the West Lafayette Purdue University Airport (40.413220 N, −86.934621 E, WGS84) .
GPS co-ordinates were collected from plantations in the field and from publicly available map layers to calculate measures of fragmentation or connectivity to nearby wilderness corridors (Table 3) . To satisfy assumptions of parametric statistical tests used in analyses, all explanatory climatic and spatial variables were normalized using the rank-based inverse normal transformation with the function 'rankNorm' in the R package 'RNOmni' (McCaw 2018) and relativized to fall between −1 and 1.
Analysis of Community Diversity
For ordinations of insect community beta-diversity, species with <10 individuals captured throughout the spring or fall flight periods were considered singletons and removed from further analysis. To determine how much variation in community composition and structure could be attributed to climatic and spatial variables, we conducted canonical correspondence analysis (CCA) using the 'cca' function in the R package 'vegan' (Oksanen et al. 2019) . Canonical correspondence analysis constrains ordination axes to variation that can be accounted for by the independent variables supplied to the model. This analysis was used as a descriptive model to evaluate the extent to which the insect community responded to each variable. Individual variables were sequentially added to a base CCA model to evaluate their relative contributions to variation in insect community composition and structure. Expanded models were tested for significant improvement in the pseudo-F statistic using 999 random permutation tests as implemented in the 'permutest' function. At each iteration, an additional variable was retained in the expanded model if it contributed the greatest improvement over the base model, employing a cutoff of P = 0.05. Adjusted R 2 values were calculated using the function 'RsquareAdj' in the R package 'vegan' (Peres-Neto et al. 2006) 
Individual Species Abundances
Multiple linear regression was used to fit descriptive models to determine the best predictor variables for abundance of individual ambrosia beetle species. Models were not meant to be empirically predictive but were fit solely to quantify the correlation of each variable to species abundance and test for significance. To satisfy assumptions of normality, abundances of X. saxesenii and X. crassiusculus were transformed with the rank-based inverse normal transformation as described above. Models were fit iteratively by removing nonsignificant variables from an expanded model, starting from an additive model that included all the variables. The best-fitting model with significant variables was retained for each species, using a critical P-value of 0.05 with a Bonferroni correction. Partial R 2 values (r 2 ) were calculated for each explanatory variable to quantify its relative contribution to total variation in species abundances.
Geospatial Analyses
Tools in the R package 'geoR' (Ribeiro and Diggle 2018) were used to assess whether the trap density in our monitoring effort was sufficient to detect patches of pest activity. We used measures of spatial covariance in abundance of each species captured in traps to evaluate trap densities and to estimate the size of spatially discrete patches of ambrosia beetle flight activity. Empirical, unbinned point-cloud variograms were computed based on the abundance of each species within each plantation (separately by flight period and year) to determine the relationship between covariance of beetle abundances and distance between traps. For all geospatial model selection, maximum likelihood estimation was used to fit initial parameter values with the 'likfit' function, and these parameters were then used as starting values in the 'variofit' function to find the best model by numerical minimation of weighted squares. Exponential models were fit to each variogram to estimate the range parameter (φ), the maximum distance at which spatial covariance between ambrosia beetle abundances could be detected at each individual trapping period (spring and fall) and plantation for each species. We used φ as a surrogate for the extent of a patch of beetle activity and the corresponding spatial limit of detection. The nugget parameter (τ 2 ), the theoretical intrinsic minimum variation between two traps if they were in the same location, was set to 0.01. The sill parameter (σ 2 ) was also estimated; σ 2 represents the maximum variance between points whose distance apart is greater or equal to the estimated range (φ). Highland (HIG) and South River (SRP) plantations were excluded from the analysis due to their irregular shape.
To compare spatial patterns of abundance of individual ambrosia beetle species and evaluate suitability of our trap densities to detect spatial patches of beetle activity, we determined the frequency at which φ approached the minimum, maximum, or an intermediate distance between traps across years and plantations. If φ converged to the minimum distance between traps (100 m), it suggested that the distance between traps was greater than the patch size, or spatial extent of activity for that beetle species, and that our trap density might fail to detect the insect. If φ converged to the maximum value (3 km, largest plantation dimension), it indicated that the patch size for that beetle species was beyond the spatial scale limits of that plantation. The frequency of φ convergence to minimum, intermediate, and maximum values was compared between species and flight periods in Chi-squared tests.
A second goal of this study was to generate heat maps by extrapolating beetle abundance from our traps to estimate pest populations across the plantation. We estimated robust global parameters of spatial autocorrelation from more data-rich empirical variograms than those that were used to estimate and compare average patch sizes above. We combined lag-covariance points from the empirical variograms calculated above within each species and flight period (spring and fall) across plantations and years into composite variograms. Gaussian models were fit to the composite empirical variograms with τ 2 fixed at 0.01. The ordinary krige method of spatial prediction, with fixed global covariance parameters estimated from the merged variograms, was used to generate heat maps for each combination of year, plantation, flight period, and beetle species.
Results
Community Diversity
Over 100 insect species were captured in the ethanol-baited Lindgren multifunnel traps over the course of the 6-yr study. Seventy-one unique coleopteran taxa were observed at least five times (Table  4 ) and were distributed among at least 67 unique genera and 17 families. Of these, 48 were identified to species level, 18 were identified to genus level only, and 5 were identified to family level only. Over the course of 6 yr across all six plantations, a total of 10,644 X. saxesenii and 8,378 X. crassiusculus were captured. After X. saxesenii and X. crassiusculus, the next most common ambrosia beetle species were Xylosandrus germanus Blandford (573) and Monarthrum fasciatum Say (413). Additionally, over 4,400 longhorned beetles (Cerambycidae) including Anelaphus spp., Neoclytus acuminatus F., and Xylotrechus colonus F., 696 predatory checkered beetle Enoclerus nigripes Say (Cleridae), and 384 parasitoid wasps (Hymenoptera: Ichneumonidae and Braconidae) were captured in the ethanol-baited traps.
We found that significant variance in beta-diversity could be accounted for by including most of the spatial and climatic variables in the analysis. However, climatic factors had relatively less influence on community composition during the fall flight period compared to the spring. The best-fitting CCA model for community composition during the spring flight period (Fig. 1) included four climatic factors (growing season degree days and precipitation, winter degree days below zero, and last frost date), and all four spatial factors (distance to the nearest plantation or forest patch, distance to the forest corridor, distance to the plantation edge, and plantation total area) as significant independent variables. Adding distance to the plantation edge significantly improved the explanatory power of the base model (F = 2.1; P = 0.009; ΔR 2 Adj = 0.0026). Climate variables constrained 18.75% of the total variance in the dataset (contributing 0.177 to the adjusted R 2 ) and spatial variables constrained an additional 4.85% of the variance (contributing 0.040 to adjusted R 2 ). Overall, climatic and spatial variables accounted for 79 and 21% of the total constrained variance in community composition, respectively.
The best-fitting CCA model for community composition during the fall flight period included two climatic factors (winter degree days below zero and last frost date), and all four spatial factors as significant independent variables (Fig. 2) . Adding distance to the plantation edge to a base model significantly improved the explanatory power of the model over the base model (F = 2.8; P = 0.001; ΔR 2 Adj = 0.0085). Climate variables constrained 10.25% of the variance (contributing 0.093 to the Adjusted R 2 ) and the spatial variables constrained an additional 6.30% of the variance (contributing 0.0449 to Adjusted R 2 ). Overall, climatic and spatial variables accounted for 62 and 38% of the total constrained variance in community composition, respectively.
Species Models
During the spring flight period, X. saxesenii and X. crassiusculus were more abundant following previous growing seasons and winters with lower precipitation, growing seasons with more cumulative degree days above zero, and winters with more cumulative degree days below zero (Tables 5 and 7) . Overall, models explained a smaller proportion of the variance in species abundance in the fall than in the spring. Climatic factors were not predictors of ambrosia beetle abundance in the fall, with the exception of a positive correlation between growing season precipitation and abundance of X. crassiusculus (Tables 6 and 8 ). In the fall, X. saxesenii and X. crassiusculus were captured in higher abundance in traps located closer to plantation edges (Fig. 3) , and X. crassiusculus was most abundant in the larger plantations (Table 8 ). Across both flight periods, X. saxesenii was most abundant farther from the forest corridor, whereas X. crassiusculus was positively associated with nearby plantations and woodlots (Tables 5-8).
Geospatial Analyses
Estimates of φ from the merged variograms indicated that X. crassiusculus had a larger overall population patch size compared with X. saxesenii (Table 9 ). Spatiotemporal patterns in ambrosia beetle abundances were evident from heat maps produced using parameters from the merged variogram models (see Supp Figs [online only]). Overall, X. crassiusculus populations occurred in larger, more contiguous patches within plantations than X. saxesenii, especially in the fall (Fig. 3 and Table 9 ). Ambrosia beetle population patch sizes differed between species and flight periods, as inferred by frequency of convergence of φ to the minimum trap spacing distance of 100 m, intermediate distance, and maximum distance of 3 km (Supp Table 1 [online only]). During the fall flight, φ converged more frequently to greater distances for X. crassiusculus than for X. saxesenii (χ 2 = 11.0, df = 2, P = 0.004). Xylosandrus crassiusculus had more frequently larger φ estimates in the spring than fall, although this difference was not significant (χ 2 = 3.5, df = 2, P = 0.177). There was no difference in φ convergence between fall and spring for X. saxesenii (χ 2 = 3.6, df = 2, P = 0.165) or between species during the spring flight period (χ 2 = 0.4, df = 2, P = 0.83).
Discussion
Both climatic and spatial variables were informative predictors of individual species abundances in our linear models (Tables 5-8 ).
In the spring, climatic variables were more powerful than spatial variables as predictors of X. saxesenii and X. crassiusculus. In a given spring flight period, populations of both species were higher in years preceded by hotter, drier summers, and cold, dry winters. Spring climatic conditions did not have a significant effect on ambrosia beetle flight activity. Warm summer temperatures could have favored more rapid larval development and subsequent increases in beetle populations through additional generations (Capinera et al. 2015) .
Climatic conditions associated with ambrosia beetle abundance in our study are likely related to physiological stressors (i.e., freeze, flood, and drought stress) that increase the susceptibility of host trees to ambrosia beetle attack and reproduction (Ranger et al. 2018a,b) . Ambrosia beetles preferentially attack stressed hosts that they locate using volatile stress-induced kairomones, such as ethanol (Ranger et al. 2014) , and females do not produce a brood until fungal symbionts are established. Success of ambrosia fungi in competition with other fungi is promoted by host and/or fungal production of ethanol, which ambrosia fungi are able to exploit as a carbon source (Ranger et al. 2018a) .
Freeze stress leads to both ethanol accumulation and successful colonization and reproduction of X. crassiusculus and X. germanus in saplings (Ranger et al. 2018b) . Consistent with the findings of Ranger et al. (2018b) , higher X. crassiusculus and X. saxesenii populations were associated with cold winters, which could have led to ethanol accumulation in the tree and ambrosia beetle success. Flood and drought stress both lead to ethanol production and volatilization in hardwoods (Kimmerer and Kozlowski 2008) . Ethanol accumulation induced by flood stress favors ambrosia beetle success in flood-intolerant hardwoods (Ranger et al. 2013 ), but similar evidence is lacking for drought stress (Kelsey et al. 2014) . Mesic species such as J. nigra may be less able to economize their carbon budget than xeric species under extreme heat or when water is limiting, leading to depletion of nonstructural carbohydrates (Nolan et al. 2017 ) and a transition to fermentative metabolism (Zabalza et al. 2009 ). The resulting ethanol accumulation in drought and/or heat stressed hosts would then attract colonizing female beetles and favor the growth and success of their fungal garden and brood. With rising average temperature and more frequent drought events predicted under future climate change scenarios (Pryor et al. 2014) , ambrosia beetle infestations may pose a greater risk to plantation-grown black walnut and other hardwood resources in the Midwest. During the fall flight period, spatial variables were more important predictors of both individual ambrosia beetle species abundances and community structure than they were during the spring. Insect communities responded strongly to climatic variables in both spring and fall, but both the absolute and relative amount of variance accounted for by climatic variables was much lower in fall than spring. The most important variables in predicting fall flight activity were proximity of plantations to other forest features at the landscape scale and proximity of individual traps to the edge of the plantation.
Our findings suggest that in plantations of monocultures, nearby alternate hosts may provide a reservoir for some pest species. Based on linear models for individual species, X. crassiusculus was positively associated with proximity to other plantations and woodlots but had no statistically significant association with the forest corridor. Plantation area was also a strong predictor of X. crassiusculus abundance. Our observation that X. crassiusculus was more abundant in proximity to woodlots and plantations and in larger monocultures is consistent with the plantation-forest spillover effect observed in its native range (Maeto et al. 1999) . As a native of tropical Asia and common agricultural pest, X. crassiusculus may exploit fragments within the landscape, such as tree nurseries, woodlots, other plantations, and suburban landscaping.
Population densities of some ambrosia beetle species are highest along forest edges, possibly due to increased stress in trees along forest edges or the attraction of adults to increased light at the periphery (Igeta et al. 2004) . At the plantation scale, edge effects were evident in community-level variation (Figs. 1 and 2) . Proximity to the plantation edge was a significant, positive predictor for both X. saxesenii and X. crassiusculus during the fall flight period. Edges of the plantations in this study are bordered by unmanaged windbreaks composed of other tree species. Due to exposure to structural strain, exotic plants and insects, and herbicide drift from adjacent farms, trees in windbreaks are likely physiologically stressed (Saunders et al. 1991, Freemark and Boutin 1995) , making them ideal hosts for colonization by invasive ambrosia beetles.
Overall, geospatial analysis of species abundance data indicates that ethanol-baited Lindgren funnel traps spaced at 100-200 m are effective for revealing spatial patterns of ambrosia beetle activity in plantations of 30-60 ha. However, at the 100-m trap spacing, X. saxesenii could escape detection during the fall flight period. At a 500-m spacing, Grégoire et al. (2001) also observed species differences in patch size. Results of our geospatial analyses have implications for studies of ambrosia beetle abundance and behavior that employ funnel traps in plantations. In particular, in field studies of X. crassiusculus using ethanol lures, trap spacing of at least 400 m is advised to obtain spatially independent data.
Xylosandrus crassiusculus appears to have more strongly discernable patterns of actively flying populations in comparison to X. saxesenii. Spatial patches of X. crassiusculus flight activity were two to three times larger in dimension than those of X. saxesenii. This difference may be attributed to the smaller size and possible inferior flight ability of X. saxesenii foundresses compared with those of X. crassiusculus. Furthermore, X. saxesenii are known to disperse later in the summer (Peer and Taborsky 2007) , possibly leading to a smaller and more spatially discrete population in the fall. Based on our findings, we recommend that growers in Indiana initiate monitoring efforts in early spring by deploying ethanol-baited multifunnel traps at a maximum of 100-to 200-m spacing, or one trap per 1-4 hectares. To increase sensitivity of detection, we further recommend periodically shifting trap locations, especially in the fall when flight patterns may be more spatially discrete. Following hot summer and fall seasons, cold winters, years with low precipitation, or combinations of these predisposing climatic conditions, we recommend conducting sanitation in late winter and applying contact insecticides (e.g., pyrethroids) to trees along the edge of the plantation in the spring to prevent attack by colonizing females. Sanitation consists of pruning dead branches, disposing of debris, and removing declining trees to eliminate material that could contribute to an increase in ambrosia beetle population density. To bolster the effectiveness of sanitation efforts, infested trees could be girdled in the late summer to attract and 'trap' ambrosia beetles from the vicinity, and then removed in winter (Reed et al. 2013 , Juzwik et al. 2016 .
Spatial patterns of ambrosia beetle activity revealed by this study may also help to inform management activities. Sanitation of windbreaks can eliminate alternative hosts that serve as pest reservoirs. Neighboring woodlots may also serve as reservoirs for ambrosia beetles. Pest management activities in plantations are often cost and/ or time limited, so managers should focus efforts to plantation edges following years of stressful weather to maximize the economic return on their investment in control measures.
To test the robustness of our inferences about climatic and spatial predictors of ambrosia beetle abundance, there is a need for more long-term monitoring projects conducted in the Central Hardwood Forest Region. Conclusions from the present study may be limited by region-or site-specific factors and to trees grown in plantations. Therefore, multiple studies across climatic gradients are needed to translate the climatic factors identified in this study to regionally relevant predictive models of forest pest activity.
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